NiWO 4 was prepared using the polymeric precursor method and studied in terms of physical and chemical properties to verify its stability for industrial applications as pigments. The characterization was accomplished using thermal analyses, X-ray diffraction (XRD), scanning electron microscopy (SEM), photoluminescence (PL) and UV-Vis spectroscopies, colorimetric coordinates, and Raman spectra. Increasing the temperature, successive exothermic reactions were observed and they are related with thermal decomposition of the organic compound. The stability was reached at ~700 ℃. The material is verified to become completely free of second phase at ~800 ℃. The end NiWO 4 powders showed an intense charge transfer (CT)-related tail centered in the ultraviolet region, resulting in a yellow product. In addition, the powders exhibited broad excitation band and broad deep blue-green emission band, which were enhanced with increasing powders' crystallinity.
Introduction
Organic and inorganic materials have been largely used as yellow pigments, such as gamboge which is a pigment derived from a tree, the Fe 2 O 3 •H 2 O, which is found in clays, lead antimonate, zinc chromate, CdS, PbCrO 4 , NiOSb 2 O 5 •20TiO 2 , and As 2 S 3 . However, these pigments have some characteristics that make them not and human health. With regard to yellow inorganic pigments, chromates of alkaline-earth metal ions (e.g., calcium, strontium, and barium), Naples yellow (lead antimonite), litharge (lead oxide), and yellow cadmium (cadmium sulfide) were for long time of particular importance due to their specific coloration, which was the reason of their wide use in ceramic tiles [1] . However, the use of these pigments is restricted in terms of commercial applications because of the toxicity of Cr, Cd, Sb, and Pb atoms [2] [3] [4] [5] . Consequently, development of sustainable and environmentally friendly inorganic pigments and/or reducing the toxicity of existing inorganic pigments are two approaches strongly required.
Tungstates of formula AWO 4 (A = Ni 2+ , Ca 2+ , Sr 2+ , Ba 2+ ) belong to an important family of functional inorganic materials [6, 7] that have attracted great attention in the industry because of their interesting physical and chemical properties [8, 9] , mainly because they are not toxic. The divalent cations are called network modifiers and the tungsten atoms are called network formers. They can form two distinct structures depending on the ionic radius or cations. When the radius is greater than or equals to 0.99 angstroms, it allows the formation of the Scheelite structure (Ca 2+ , Sr 2+ , Ba 2+ ) and for radius smaller than 0.77 angstroms, the Wolframite structure is formed, which is the case of NiWO 4 [10] [11] [12] . From a technological viewpoint, the versatility of these materials in terms of possible applications includes: light emitting diodes (LEDs) [8] , electrodes [12] , cathode material for supercapacitors [13] , photoluminescent materials [14] , and photocatalyst [15, 16] . In particular, nickel tungstate, the material targeted in this study, is one of the potential candidates to be used as yellow inorganic luminescent pigment [17] .
Luminescent materials have the characteristic of emitting light when stimulated by chemicals and ionizing radiation. The luminescent pigments have several applications, among them, they are used in plates and transit lanes, markings on money notes, and in fabrics and wall paintings for decoration [14] . It should be pointed out that scientific and technological interest on these materials also arises because of dealing with low-cost and no polluting materials, that can be included in the group of sustainable products.
The chemical and physical properties of metal oxides, including tungsten oxides, depend on the synthetic route employed. There are two ways of synthesizing ceramic pigments: by chemical method such as co-precipitation [18] [19] [20] , hydrothermal [21] [22] [23] , and polymeric precursor method [24] or by solid-state reaction method. Among them, chemical methods, particularly the polymeric precursor method, show several advantages, such as homogeneous mixture of the reactants, purity, low cost, simple synthesis, temperatures below 800 ℃ , and short time processing [25] .
Therefore, the present work involved the synthesis of NiWO 4 nanoparticles achieved by applying the polymeric precursor method, which is a low-cost processing procedure, when compared to other chemical methods, besides ensuring high material reproducibility. The method has been successfully used in the synthesis of nanoparticles of different oxides [26] , and is based on the chelation of cations by a hydrocarboxylic acid (normally citric acid), followed by polyesterification using a glycol (normally ethylene glycol) [27] . The formed precursor resins contain cations randomly distributed throughout the polymer [28, 29] . The synthesized nickel tungstate powders were subsequently characterized by thermal analyses: thermogravimetric (TG), differential scanning calorimetry (DSC), X-ray diffraction (XRD), diffuse reflectance, colorimetric coordinate, scanning electron microscope (SEM), and Raman and photoluminescence (PL) spectroscopies.
Experimental
The processing of materials involved the dissolution of nickel nitrate in milli-Q water and the dissolution of tungstic acid in milli-Q water at 90 ℃ with a pH of 11. For the pH of tungstic acid solution reaches the value of 11, it is necessary to add ammonium hydroxide. On the other hand, citric acid was dissolved in milli-Q water. Both intermediary products were mixed so as to produce a tungsten citrate solution. The polymeric resin was synthesized by adding nickel nitrate to this solution under constant stirring and at a temperature of 120 ℃. Addition of ethylene glycol promoted the polyesterification reaction. The citric acid:metal molar ratio was 3:1; while the citric acid:ethylene glycol mass ratio was 2:3.
The polymeric precursor solution was heat treated at 400 ℃ for 4 h at a heating rate of 10 ℃•min −1 . The obtained powders were grounded in an agate mortar in order to deagglomerate the powders, and hereafter called the precursor powders which were treated at temperatures of 500-800 ℃ for 2 h, with a heating rate of 10 ℃•min −1 .
The material was characterized by thermal decomposition, XRD, UV-Vis spectroscopy, colorimetric coordinates, SEM, and Raman and PL spectroscopies. The thermal decomposition and crystallization of the www.springer.com/journal/40145 powders were studied by TG (Netzsch STA 409C) and DSC techniques under oxygen atmosphere at a heating rate of 10 ℃•min −1 . Al 2 O 3 was used as reference material during the thermal analyses. Based on the results from the thermal analyses, as later presented, we considered heat-treating the precursor powders at 500-800 ℃ for 2 h to get a close insight into phase development. These heat treatments were performed in an electric furnace under air atmosphere, at a heating rate of 10 ℃•min −1 .
In the following, the samples were characterized by XRD at room temperature, towards the 2θ ranged from 20° to 80°, with a step of 0.020°, a scanning speed of 2 (°)•min −1 , and using Cu Kα radiation (Rigaku, ULTIMA IV).
The samples were also subjected to UV-Vis characterization (Shimadzu-UV-1601 PC spectrophotometer), and the spectra were measured in the range of 220-900 nm.
Colorimetric coordinates of the pigments were measured in the range of 300-700 nm, using a spectrophotometer (Minolta, CM2600d) equipped with a standard type D65 (day light) light source, and following the CIE-L * a * b * colorimetric method recommended by the Commission Internationale de l'Eclairage (CIE) [30] . In this method, L * is the lightness axis (black (0)→white (100)), b * is the blue (-)→yellow (+) axis, and a * is the green (-)→red (+) axis, while ΔE is defined as the total color difference (ΔE 2 = L *2 + a *2 + b *2 ).
Microstructural characterization of the powders was carried out using a high resolution SEM (FEG-SEM Supra 35, Zeiss, Germany) operating at 3 kV.
Raman spectra were measured with a MonoVista CRS Raman spectrometer from Spectroscopy and Imaging GmbH. The samples were irradiated with a laser beam focused with an Olympus microscope. For the excitation in backscattering geometry, the 633 nm line of a He-Ne laser with 35 mW was used. PL spectra were collected with a Thermal Jarrel-Ash Monospec monochromator and a Hamamatsu R955 photomultiplier. The 350.7 nm exciting wavelength of a krypton ion laser (Coherent Innova 200) was used; the output of the laser was maintained at 500 mW, with ~14 mW. Figure 1 presents the TG, derivative thermogravimetry (DTG), and DSC curves of the NiWO 4 amorphous precursor powders. The TG curves reveal a series of mass loss-related decomposition reactions, connected to different exothermic events as indicating the DSC curves.
Results and discussion

1 Thermal analyses
Development of these decomposition processes should be described considering the complexation of nickel with citric acid leading to the following reaction, noting formation of nitric acid and water as products.
Meanwhile, the tungsten complexation reactions occur as follows, forming ammonium hydroxide. 
Mixing these metallic complexes (metallic citrates) above 70 ℃ triggers the onset of the esterification reaction between metal citrate and ethylene glycol, as follows:
For the NiWO 4 compound studied here, the polyesterification reaction occurs continuously until the polymer network is formed. This network is expected to consist of the following basic units: (6) Accordingly, the main organic compounds contained in the resin are water, ammonium hydroxide, nitric acid, and polyester. During heat treatment of the NiWO 4 precursor powders, total elimination of these compounds traduces into a mass loss of about 33% accomplished when approaching 700 ℃, as reveals the TG curve in Fig. 1 . In terms of details, three thermal superposed events are visible in the TG curve. The first region occurs in the temperature range of 50 to 169 ℃ and accounts for a mass loss of around 2.6%, attributed to the elimination of adsorbed H 2 O. The second region involves a mass loss of 5.3% from 169 to 562 ℃, and this is related to dehydration of the resin, which becomes anhydrous due to the break of weakly bonded CH 2 groups. Finally, the third region goes from 562 to 672 ℃, and it involves a mass loss of 24.4%, attributed to the elimination of C-O groups as well as strongly bonded carbon atoms from the M-O-C groups, forming CO/CO 2 .
Regarding the DSC curve, the elimination of water and decomposition of the organic compounds were also detected, all manifesting as exothermic events, followed by crystallization immediately taking place with a further increase of temperature. The highest crystallization peak occurs at ~639 ℃. Table 1 summarizes the thermal events and corresponding temperature ranges, as inferred from the TG and DSC data.
2 Structural analysis
Crystallization and phase development were accompanied by XRD technique. The data are shown in Fig. 2 .
It is observed that, after heat treatment at 500 ℃/2 h, the NiWO 4 precursor powders still reveal amorphous, while heat treatment at 600 ℃/2 h shows that formation of the crystalline phase has already occurred, but with traces of WO 3 , as also reported by Quintana-Melgoza et al. [31] . Annealing the powders at 700 and 800 ℃/2 h allows synthesizing NiWO 4 powders without spurious phases, in good agreement with observation of a huge DSC peak at ~639 ℃ (Fig. 1 ) from the thermal analysis measurements conducted in dynamic mode (10 ℃•min -1 ). This peak is asymmetric towards lower temperatures, suggesting to involve an overlap with a low-intensity one, most likely related to synthesis of the abovementioned WO 3 phase when approaching 600 ℃ (Fig. 2) . In particular, the NiWO 4 was indexed in the wolframite monoclinic structure (space group: P2/c, with Z = 2), characterized by alternating layers of transition-metal and tungsten atoms parallel to the (100) plane. This is a structure where the oxygen atoms are hexagonally closely packed, and the metal ions occupy a quarter of all the octahedral sites [32] . The crystallite size (D c ) in the NiWO 4 powders was estimated from the XRD data by using the Scherrer equation:
where K is a shape factor and usually is ~0.9, λ is the wavelength of X-ray source that used in XRD measurements, β is the breadth of the observed diffraction line at its half intensity maximum, and θ is the corresponding angle. The results are 43 and 47 nm after heat treatments at 700 and 800 ℃, respectively. Figure 3 shows the UV-Vis spectra performed in the diffuse reflectance mode of the NiWO 4 powders annealed at 500 up to 800 ℃/2 h. The pictures of each sample are also presented. As can be seen in Fig. 3 and XRD results, NiWO 4 sample annealed at 500 ℃ is a black powder in which the material is amorphous, explaining the spectra observed. As the temperature increases, the NiWO 4 powders crystallize and become yellow. The reflectance spectra of the samples annealed at 600, 700, and 800 ℃ show broad peak centered in the yellow and a low peak in blue region of the spectra.
3 UV-Vis spectra
Qualitative and quantitative information about the color of the samples are shown in Table 2 which presents the colorimetric coordinates (L * , a * , and b * ) of the NiWO 4 stable samples calcined at 700 and 800 ℃/2 h.
The data were collected using light source type D65-10° (day light) and analyzed following the CIE-L*a*b* standard colorimetric method. Figure 4 shows the CIELab graphics of such NiWO 4 samples. The color of Ni 2+ -based compounds is directly influenced by the symmetry of its site [33] . The degeneracy of the 3 T 1g , 3 T 2g , and 3 E g states of Ni 2+ in octahedral geometry is lifted, and multiple-absorption bands occur when Ni 2+ is situated in a coordination environment of low symmetry. Bands split by low symmetry will show peak wavelengths, which are polarization dependent [33] . Bright yellow color results when Ni 2+ is in a deltahedric-coordinated site significantly distorted from the octahedral symmetry. Increased absorption intensity occurs when the metal ion d-d bands are in proximity to an ultraviolet charge transfer (CT) band.
Calculated from reflectance, the absorbance spectra of these powders were also processed, the behavior of which revealed qualitatively similar from sample to sample. The results allowed to estimate band gaps according to Ref. [10] :
where α is the absorption coefficient of the material (calculated from the absorption spectra), h is the Plank's constant, ν is the frequency of the radiation, B is a constant (dependent on the nature of the material), and E g is the energy of the band gap. n is a coefficient dependent on the type of transition considered: n = 1/2 for allowed direct transitions, while n = 2 for allowed indirect transitions. Figure 5 depicts the absorbance spectra for NiWO 4 annealed at 700 and 800 ℃. In summary, absorbance bands at 1.55, 1.72, 2.85, and 3.95 eV applied for the sample heat treated at 600 ℃, resulting slightly shifted to 1.48, 1.68, 2.73, and 3.84 eV for the samples heat treated at 700 and 800 ℃. All these values are very close to those found by de Oliveira et al. [34] . We note that the first two bands of low intensity are localized in the blue region, while the third and fourth ones with higher intensity lie in the ultraviolet region. As indicated in Fig. 5 , these bands have been proposed to arise from presence of Ni 2+ and CT between clusters [34] . In particular, the bands at 1.68 and 2.73 eV would originate from the forbidden electronic transitions from 3A 2g to 1E g and 1T 2g , respectively, while the last band at 3.84 eV would involve CT transitions. In addition, Cimino et al. [35] reported that Ni 2+ O 4 presents a 3T 1 →1T 2 transition at 1.56-1.60 eV. Based on this information, we believe that the band at 1.48 eV should be assigned to the presence of Ni 2+ O 4 , indicating that Frenkel defects are present in NiWO 4 with the dislocation of Ni 2+ from octahedral to tetrahedral sites [34] . Figure 6 shows representative FEG-SEM micrograph from the powders heat treated at 700 ℃/2 h. This reveals to be here dealing with spherical-like packed particles, each with an average size of ~90 nm. This value is about twice the crystallite size estimated by XRD. For application as ceramic pigments, it is known that using nanoparticles is advantageous in order to produce more uniform and intense colors because of the huge surface area when compared to micrometersized particles [36] .
Field emitting gun-scanning electron microscopy (FEG-SEM) analysis
5 Raman analysis
According to group theory calculations, tungstates with triclinic or monoclinic structures exhibit 36 different Raman vibrational modes, 18 of which are expected to be active modes (8A g +10B g ). Figure 7 is an example of the Raman data collected for the NiWO 4 powders heat treated at 700 and 800 ℃/2 h and Table 3 shows a comparison of the vibrational modes and the results found from Ref. [8] . Actually, 18 active Raman modes were observed, in total agreement with the results reported by Ross-Medgaarden and Wachs [37] . In general, according to Ref. [38] , vibrational modes observed in the Raman spectra of tungstates may be classified into two groups, namely, external (< 600 cm -1 ) and internal (> 600 cm -1 ) modes [37] . The vibrational external modes are related to a lattice phonon, which involves 6 ] clusters in the lattice, assuming that the center of mass is in a stationary state. Still according to Ross-Medgaarden and Wachs [37] , the position of the most intense band, located at 891 cm -1 in Fig. 7 , is associated with the WO 6 symmetric stretching vibration. Therefore the characteristic vibrational modes which are shown in the Raman spectrum confirm the presence of a single phase, in agreement with the results of the XRD measurement. Figure 8 illustrates the PL spectra for the NiWO 4 samples annealed at 500-800 ℃/2 h, collected towards the 350-850 nm wavelength range, using 290 nm as excitation wavelength. PL spectra are a fingerprint of electronic transitions associated with the intrinsic emission occurring, here, within the wolframite structure. The NiWO 4 powders showed a broad deep blue-green emission band, which was enhanced with increasing crystallinity of the powders. These patterns are similar to those observed in other wolframite compounds [39] , in which the emission bands were argued to arise from the WO 6 6− complex, along with defects in the crystal structure. Previous studies [40, 41] proposed that blue and green emissions may be due to the intrinsic WO 6 6− complex with a double emission from one and the same center ( 3 T 1u -1 A 1g ), while the yellow emission results from recombination of electron-hole pairs localized at oxygen atom-deficient tungstate ions. There is an additional suggestion from Refs. [39, 42] , according to which self-trapped excision in tungstate crystals with strong electron-phonon coupling may account for the blue band, and the transitions of T 2u -T 2g and T 1g -T 2g in the WO 6 6− complex could be responsible for the observation of green and yellow bands.
6 PL studies
As can be seen in Fig. 8 that the NiWO 4 emission in the visible range between 350 and 700 nm, it can absorb all light from the visible spectrum, which makes it a good material for luminescent applications as in banners and road signs, for example, using white light that contains all the colors of the visible spectrum. Another observation is that for samples calcined at 600, 700, and 800 ℃, they have a higher intensity of light emission and are more visible when they are illuminated.
Conclusions
NiWO 4 nanopowders were successfully obtained by the polymeric precursor method after annealing at 700 ℃/2 h. The NiWO 4 was indexed in the wolframite monoclinic structure (space group: P2/c, with Z = 2), noting that increasing the calcination temperature also led to an increase in structural ordering. Bright yellow nickel compounds occur as a consequence of nickel entering in deltaedric-coordinated sites, representing a significant distortion of the octahedral geometry. The color is a result of electronic transitions related with Ni 2+ . In addition, 18 active Raman modes were identified for NiWO 4 powders heat treated at 700 and 800 ℃. The NiWO 4 powders showed a broad deep blue-green emission band, and calcined samples of 600 to 800 ℃ are the most capable of emitting light when illuminated by white light. Overall, the results show that NiWO 4 may be a promising material for industrial application as luminescent pigments. Advantages of this material include the fact that it is a non-toxic inorganic material with good chemical stability and reproducibility, as compared to organic compounds.
